High-resolution studies of dental tissues are of considerable interest for biomedical engineering and clinical applications. In this paper, we demonstrate the application of piezoresponse force microscopy (PFM) to nanoscale imaging of internal structure of human teeth by monitoring the local mechanical response to an electrical bias applied via a conductive tip. It is shown that PFM is capable of detecting dissimilar components of dental tissues, namely, proteins and calcified matrix, which have resembling morphology but different piezoelectric properties. It is demonstrated that collagen fibrils revealed in chemically treated intertubular dentin exhibit high piezoelectric activity and can be visualized in PFM with spatial resolution of 10 nm. Evidence of the presence of protein inclusions of 100-200 nm wide and several micrometers long in tooth enamel has been obtained. Furthermore, it is found that the peritubular dentin and intertubular dentin exhibit different piezoelectric behavior suggesting different concentration of collagen fibrils. The obtained results demonstrate a high potential of PFM in providing an additional insight into the structure of dental tissues. It is suggested that the PFM approach can be used to study the structure of a wide range of biological materials by monitoring their electromechanical behavior at the nanoscale. Ó 2006 Elsevier Inc. All rights reserved.
Local mechanical and biological functionality of teeth and its relationship with local nano-and meso-structure is a matter of considerable interest for biomedical engineering and clinical applications. Information on these properties can lead to better understanding of tissue growth, development and remodeling and to delineation of interaction mechanisms between artificial and natural tissues. High-resolution characterization of dental tissues may open more possibilities for detection of the early stages of diseases in mineralized tissues and for development of better restorative materials. In the last decades, a number of approaches based on small angle X-ray diffraction [1] [2] [3] , second harmonic generation microscopy [4, 5] , confocal microscopy [6] [7] [8] , and X-ray diffraction [9, 10] have been developed to access the structure of calcified tissues. In parallel, high-resolution electron microscopy has been broadly used to study the structure of these materials on the nanoscale [11] .
An alternative approach for local studies of biological systems is based on scanning probe microscopy (SPM). A number of atomic force microscopy (AFM) studies have addressed surface morphology of bones, teeth and other connective tissues [12] [13] [14] [15] [16] . Several research groups have attempted mapping the effective mechanical properties of dental tissues by means of nanoindentation [17, 18] and dynamic stiffness mapping [19] . These techniques allow direct nanoscale mechanical characterization of local defects as micro-cracks, variations in mineral density and caries formation sites. High-resolution imaging of mineral- [20] . The resolution is further greatly improved if non-collagenous proteins are removed by deproteinization with NaOCl or trypsin [21] .
Additional possibilities for characterization of biological materials can be provided by another mode of SPM, piezoresponse force microscopy (PFM), which utilizes the piezoelectric behavior in biomaterials, or linear coupling between electrical and mechanical phenomena [22, 23] . Piezoelectric behavior of biological systems results from the presence of proteins and other organic components, which exhibit piezoelectric activity [24] [25] [26] [27] [28] [29] [30] . In the last decade, PFM has demonstrated its unparalleled capabilities in testing the electromechanical behavior of inorganic piezoelectric materials, such as ferroelectrics and III-V nitrides, with nanoscale resolution [31, 32] . Application of PFM to dental tissues may provide an opportunity to reveal their structural components without special surface treatments. Identification of the size and orientation of protein fibrils is essential for understanding the structure of the protein-mineral complex and its correlation with the mechanical properties of teeth at the different length scales. In this paper, we demonstrate application of PFM for nanoscale imaging of internal structure of dental tissues.
Materials and methods
Human third molars with documented history were extracted from patients of ages of between 22 and 34 years according to protocols approved by the University of California, San Francisco Committee on Human Research [21] . Teeth were sterilized by c-radiation and stored in deionized water at 4°C until prepared [33] . Sagittal midcoronal sections of six teeth (thickness of 2 mm) were prepared by polishing through a series of SiO 2 papers and with water-based diamond paste to 0:25 lm (Buehler). Ultrasonic treatments in water for 10 s were used to clean the surface.
Two groups (each n = 3) of specimens were investigated: (1) mechanically polished only; (2) polished and etched with 10 vol% citric acid C 6 H 8 O 7 for 15 s and subsequently treated with aqueous solution of 1 vol% sodium hypochlorite (NaOCl aq ) for up to 150 s. The application of citric acid dissolves the mineral in calcified tissues and leaves the organic phases behind. Dentin etching is a common technique for providing a better substrate for bonding to dental adhesives [34] . Sodium hypochlorite is used as a cleansing, disinfective, nonspecific deproteinizing agent in endodontic treatments [35] . The NaOCl aq treatment was applied to non-specifically remove layers of non-collagenous and collagenous proteins. As shown elsewhere [21] , this procedure removes non-collagenous proteins initially and facilitates the visualization of individual collagen fibrils by atomic force microscopy (AFM).
Dentin sections were glued to metal disks and imaged both in topographic and piezoresponse modes using a commercial scanning probe microscope (Autoprobe M5 Park Scientific Instruments). The PFM mode is based on the detection of electromechanical response of a piezoelectric sample to a modulation voltage, V tip = V dc + V ac cos xt, applied between the conductive AFM tip in contact with the sample surface and a conductive substrate, as illustrated in Fig. 1 . The local mechanical vibration of the sample due to the converse piezoelectric effect, d = d 1x cos(xt + u), is detected using a standard lock-in technique with the same tip that accurately follows the surface oscillations [31] . Amplitude of the signal, PR = d 1x /V ac , provides information on the effective piezoelectric constant while phase, u, depends on its sign and changes between regions with different crystallographic orientation. The unique strength of PFM is that both vertical and lateral components of surface displacement can be measured [31] , providing information on both normal and in-plane components of the electromechanical response vector. The size of the tipsample contact area, which can be smaller than 10 nm in diameter, determines the nanoscale resolution that can be achieved in PFM. In this study, measurements were performed by applying an ac modulation voltage (2.0 V, 15 kHz) to the Pt coated tips (resonant frequency 150 kHz, spring constant k 4.5 N/m).
Results and discussion
A topographic image of the dentin sample treated with NaOCl aq (Fig. 2a) shows a pattern of randomly oriented collagen fibrils with distinct axial repeat structure. Topographic observation of chemically treated dentin has been previously used to measure the dimensions of the fibril features, such as fibril diameter and axial repeat distance of individual fibrils [21] . Application of PFM allowed us to get a new insight into the dentin structure. Figs. 2b and c show the PFM amplitude and phase images, respectively, of the same area as in Fig. 2a . Piezoelectrically active regions appearing as bright elongated areas in the PFM amplitude image correlate well with the pattern of collagen fibrils exposed in the topographic image illustrating the PFM capability of detecting the collagen fibrils by monitoring the piezoresponse signal. Furthermore, from comparison of the PFM amplitude and phase images it can be seen that fibril contrast in the phase image varies from bright to dark for different fibrils. As the PFM phase imaging is sensitive to the sign of the piezoelectric coefficient it is reasonable to attribute these phase contrast variations to random orientation of the fibrils.
Piezoelectric behavior has been observed in a number of biological systems including bones, teeth, wood, proteins, DNA and polysaccharides [24, 28, 36] . In earlier experiments, it has been shown that the piezoelectric behavior of the composite biological tissues, such as bone, stems from the crystallographic structure of collagen fibers imbedded in the mineral matrix of hydroxyapatite (HAP) crystals [26, 29] . While HAP belongs to the centrosymmet- Fig. 1 . PFM experimental geometry for mapping the electromechanical response. A conductive tip is used to apply an electrical bias and to detect the local electromechanical response of the sample. ric space group P6 3 /m and therefore cannot exhibit piezoelectric behavior, the D 1 symmetry of fibrillar protein molecules results in the piezoelectric response to shear forces acting along the fiber axis and is therefore, responsible for the piezoelectric behavior of biosystems containing self-assembled proteins. Therefore, monitoring the electromechanical response (piezoresponse) allows visualization and differentiation between organic and mineral components in composite biomaterials. Results obtained in dentin samples by means of PFM illustrate that this electromechanical imaging of collagen fibers can be performed with nanoscale resolution. The origin of the directional dependence of piezoresponse may mainly be associated with the molecular orientation of tropocollagen within fibrils. Collagen fibril formation is a self-assembly process and it has been shown that tropocollagen molecules not only align themselves parallel to each other but also orient their C-and N-termini in one direction. The observed differences in the piezoresponse signal of individual collagen fibrils may be associated with different or opposed orientations of the tropocollagen in one fibril compared to adjacent ones. Depending of the fibril orientation, the PFM tip will either scan in direction from C-to N-terminus or in reverse direction resulting in opposite PFM phase signals. The effect of molecular orientation on piezoelectricity is also described elsewhere [22] .
During this study, it has been confirmed that PFM imaging can be effective even in the tooth samples that has not been chemically treated but only mechanically polished. Fig. 3 shows the topographic and PFM images of tooth enamel in the vicinity of the dental-enamel junction (DEJ). While surface topography does not show any specific features related to dissimilar regions, PFM clearly illustrates a fibrillar structure of presumably organic nature of about 100-200 nm in width embedded within a non-piezoelectric matrix. The embedded protein fibril exhibits strong electromechanical contrast in the PFM amplitude image while there is no electromechanical activity in the surrounding mineral phase. This result seems to be consistent with the earlier studies of the tooth morphology that found that organic fibers extended from the dentin zone through DEJ into the enamel [37] to a distance of several microns. We note that these inclusions are quite common and can be also found at much larger distances from DEJ (up to 100 lm). Variations of contrast within the PFM phase image of the fibril correspond to differently oriented fibril fragments (as discussed above) presumably due to the presence of different microfibril strands. From these measurements we estimated the spatial resolution in PFM imaging, determined as a half-width of the boundary between different piezoelectric regions, to be about 5 nm. Note again that simple morphological examination of the surface could not reveal the protein fiber in the calcified phase, which clearly illustrates the advantage of PFM in visualization of organic components in dental tissues without any special sample preparation.
Topographic image in Fig. 4a shows the surface of a mechanically polished cross-sectional dentin sample with the characteristic tubules of about 1 lm wide and 10-15 lm long. Intertubular dentin (ITD) comprises the bulk of the specimen, while peritubular dentin (PTD) forms a thin rim (1 lm wide) that surrounds each tubule. In high-magnification image (Fig. 4b ) PTD region can be identified as having slightly different morphology comprised by elongated crystallites. The PFM image (Fig. 4c) shows a moderate piezoelectric response from the intertubular dentin region which appears with brighter contrast. The effective piezoelectric coefficient determined from the measurements of the local electromechanical response as a function of the modulation bias has been estimated to be about 0.15-0.25 pm/V. No detectable piezoresponse response was obtained from the PTD region (dark contrast in PFM). Bright contrast on the tubule end at the lower right part of the image results from the oversaturated signal due to the high roughness of the surface (profile variations is of the order of 0.5 lm) and is not indicative of high piezoelectric activity. Since high piezoelectric activity in chemically treated dentin samples is associated with collagen fibrils, we attributed the lack of piezoelectricity in PTD to the absence of collagen. Dentin originates from the expression and secretion of a primarily type-I collagenous matrix by the neural crest derived odontoblasts. This specialized cell develops a process that is several millimeters long but only 1 lm in diameter. The odontoblast process embeds itself in the extracellular matrix and remains there during and after mineralization creating the characteristic tubules in dentin. PTD forms around the tubules, but the timing of its mineralization is unclear. Our studies support the hypothesis that PTD is a non-collagenous tissue and a product of the secretion of specialized proteins that facilitate the mineralization of the tubule wall. Detail studies of the ITD and PTD structures are underway and will be presented in a forthcoming paper.
Summary
To summarize, piezoresponse force microscopy is shown to be an effective tool for nanoscale imaging of electromechanically active proteins in dental tissues. PFM allows differentiation between organic and mineral components and is not sensitive to minor topographic features, thus significantly simplifying the interpretation of image contrast in terms of materials microstructure. Protein microfibrils of 100-200 nm wide and several micrometers long have been observed in the enamel in the vicinity of the DEJ. The obtained results demonstrate a great potential for PFM in imaging and elucidating the structure/property relationship in dental tissues. Given the fact that a number of biological systems exhibit piezoelectricity, we suggest that PFM can be used to perform studies of internal structure of the protein microfibrils in a variety of biomaterials by monitoring their electromechanical behavior. 
